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INTRODUCE1CI

The objective of this investigation was to determine the tem-
perature response of the "U-shaped" folded cartridge. Figure I
presents a comparison of the conventional and folded cartridges.
The interpose, or web region between the projectile and propellant
reservoir, is of particular interest. Because of the unique geometry
of the folded cartridge, this region of the weapon will experience
heating on both sidas, and the possibility of excessive temperatures
or structural distortion exists.

To determine the Laperature xesponse of the interpose
region, the heat input during a typical firing of 100 msec had to be
established. In addition, analytical models describing the heat
transfer of the folded cartridge geometry had to be developed. These
models, one and two-dimensional, describe the transient temperature
distribution using a finite difference technique. The models have
been checked numerically to insure that nodal size provides an ac-
curate representation. Since a time period longer than 100 msec is
required for the weipon's structure to experience temperature change,
the analytical model includes multiple firing bursts.

21
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HEATING ANALYSIS

The heat input cycle is 100 maec in duration. This period
includes the firing of one cartridge, a dwell period, the extraction
of the spent cartridge, and the insertion of a now cartridge. The
highest heat fluxes occur during the firing time, or ballistic por-
tion of the cycle. During this period the cartridge case is heated to
its maximum temperature. Following this ballistic period, the energy
deposited in the cartridge case dissipates into the weapon. To deter-

mine the heat transfer coefficient and gas temperature during the
initial period, the local gas pressure, temperature, and velocity must
be determined usin& the applicable ballistic model.

The ballistic model used in this study was supplied by U.S.
ARRADCOM. This model, in the form of a computer code, is described in

detail in reference 1. The code was developed for standard shape
ammunition. The code, as supplied, has been modified to incorporate
methods for determining thermochemical properties (ref. 2). Figure 2
presents the space mean pressure history for the folded cartridge
calculated with the computer code.

As stated above, the model was not developed for ammunition
of the present geometry; however, a r-ýview of reference 1 indicates
that the model is insensitive to shape. The model d-;ns not provide
for flame pron tit~on throuAh the .rope...nt bod. cN^ ý----.tar.....
ignition is provided by the surface ignition function, which is equal
to the total propellant surface area divided by the ignition time
range. The latter quantity, ignition time range, is determined by
experiment. Since the test case for the folded cartridge compares
favorably with test firings, it appears that the ignition time range
currently in the program is satisfactory. The three major pressures
calculated by the program are the space mean pressure, the breech
pressure, and the projectile base pressure. Both the breech and pro-
jectile base pressures are constant functions of the space mean
pressure. All three pressures are made equal prior to movement of the
projectile (approximately 0.34 msec for the present case).

The test case considers the breech to be 9.14 in. from the
projectile. This corresponds to a straight cartridge 9.14 in. long
from the base of the projectile to the end of the certridge. A test
case with the breech located 1.5 in. from the projectile was rein,
This corresponds to the folded geometry. The resulting pressuree,
temperatures, and muzzle velocities were not affected. It appo&rs,
therefore, that the only significant parameter is the propellant
volume. The gas tempertture and velocity are uniform over the entire
region behind the projectile. This in significant because it indi-
cates unifom heating.
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To accurately model nonunifozm heating, a new b-.llistic model
would have to be developed. This model would have to consider a one-
dimensional transient flow allowing for finite flame propagation.
Thie model could correctly position the initiation point and yield
space dependent velocities, temperatures, and pressures. The decision
regarding whether such a model should be developed will depend upon
the need for improved ballistic data and the magnitude of the heating
problem. However, the decision was made to use the existing model to
establish the heating conditions in the folded geometry.

The flow conditions and temperature levels in the folded cal-
tridge pose a severe heating environment for the cartridge case and
surrounding weapon. Prediction of the heat transfer coufficient is
also difficult because of the unique operating conditions.

Reference 3 provided heat transfer coefficients and tempera-
ture data for an environment similar to the present case. Unfortu-
nately, the method used to make the calculations is not gi en. The
maximum heat transfer coefficient is approximately 35 x 10 Btu~ft~hr
F. In addition, the maximum adiabatic wall tempergture is 5700 F.
This is considerably higher than the value of 4065 F obtained with the
ballistic code, and it is also higher than the adiabatic flame tempera-
ture of the propellant.

Reference 4 was reviewed as a possible source of a heat trans-
fer coefficient prediction method. This report examined a variety of
possible prediction methods, but all required more flow field informa-
tion than presently available. In addition, the report was more in-
volved with the gun barrel, rather than the breech area. Some of the
data pr sented kndlcated heat t Sansfer roegficients in the range from
30 x 10' Btu/ft hr F to 70 x 10" Btu/ft hr F. It should be noted that
these extreme levels exist for only 1 or 2 meec. Reference 5 evalu-
ated the results of a method of characteristics study of the interior
ballistics problem. The Colburn analogy, which is given by:

where.

St - Stanton Number = Nu/Re Pr
Nu = Nuascit Number
Pr Prandtl Number
Re - Reynolds Number
Cf = Friction factor

was used. The resulting heat transfer coefficients were in the same
range as the previous references.

Reference 6 considered the problem of flow field development
in a solid rocket motor. The operating conditions and dimensions were
similar to the folded cartridge problem. This reference recommends

5



the Dlittus Boelter correlation for local heat transfer coefficient.
The Dittus Boelter equution is

N4 = 1. Oz, Rei' Pr'

The above equation is widely used in turbulent heet transfer calcula-
tions, and is relatively easy to apply to the present case. The
decision was therefore made to use this relationship.

Assuming the gas to be ideal, and that the viscosity varies
with the temperature to the 0.65 power, the heat transfer coefficient
is given byS

W'4 re ,

P = pressure
V = gas velocity

Cp = specific heat
/.kc = viscosity at 530 R

D = diameter of chamber.

For the present case, the various constants are given by:

. fr'6o (5S3' 30 (ref. 6)

l= lprplant imT.tus (r'.i. 2)
"flame temperature

Using th" thermochemical properties for the folded cartridge
propellant and the ballistic data from the computer code, the heat
transfer coefficients can be determined as a function of time.
Figure 3 presents the ariation of heat transfer coefficient versus
time, based upon space mean pressure. Figure 4 presents the same
data based upon projectile base pressure. For space mean prassure
conditions, tie 8 eak heat transfer coefficient is approximately
52.500 Btu/ft hr F. This method for calculating heat transfer coef-
ficient has been incorrorated into the ballistic code. In addition,
the stagnation temperature, which will be used in computing the con-
vective heat inputs, has also been determined and is represented
graphically in figure 5. It is worth noting that the maximum tempera-
ture in figure 5 is below that given in reference 3. This aspect of
the results in referenoe 3 is difficult to explain. The peak tem-
peratures reported in that reference are higher than the adiabatic
flame temperature of the propellant used for the folded ammmUltion.

The heat transfer coefficients calculated with the Dittus
Boelter equation are higher than those cited in referenoe 3, but are

6
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well within the range reported by other references.

The heating conditions presented in fig-rws 3 and 5 occur
during the initial ballistic portion of the cycle, and last for
approximately 3.5 meec. The peak surface temperature of the car-
tridge occurs during this portion of the cycle. However, the total
time for the firing of a single cartridge is approximately 100 msec.
It is during this longer period that the heat permeates into the
weapon's structure and causes the highest structural temperatures.

The time history of a firing cycle is composed of the follow-
ing four periods:

Time Event

0 to 3.5 msec Firing of projectile (ballistic portion)
3.5 to 35 msec Drell time
35 to 65 msec E&traction of expended cartridge
65 to 100 msee Loading of unspent cartridge

For the preceding firing cycle, tho following heat inputs
have been developed:

Time Heat Inputs

0 to 3.5 msfec Convective heat input based upon Ditcus
Buelter equation (ref. 1). Figures 5
and 5 pre.icnt %he heat treusier cveril-
cient and gas temporsture profile.

3.5 to 35 riserc Exponential decayt of tht heat trnsfer
coefficient to 3.00 ]tu/ft r 0F and of
the gas temperature to 200"F.

35 to 65 meec Constwit heat transfer coeffigient and
gas 0 temperature at 1.00 Btu/ft hr°F and
20.) V, reipectively.

65 to 100 msec Zero oextor•nA hoatir.g. Ir addition& the
cartridge nodes are zttxni&od to lt F at

to the heat flow from the structure.

During, the dwell tims (3.5 tc 55 k•,eo), ttonmifl decey of the gas
pre.s•,rat, g t",peratur", and gas velocity is felt to ho a xreAon-
able appro;imation followiny the preoaure decay. The value of
lO0 Btui/t -r F for the heat tzanaler ooofficient at 55 mauc At co:-
dervativo. The form of the heating boundary oondition, during
extraction ard loeddyin, in vry t1fflo•ft to desicribe. DuWring PttVare
vtui•.i• experimental data would bt exa~irod to p:cxnvVle better Insight
into the thermal conditions during thease phases of the operat.tne' cycle,
For the proeent effort, the dchon waý make to use a conservative

10



approach and combine extraction and loading into a single instan-
taneous event at 65 msec. At 65 msec, the heat transfer coefficient
was set at 0zero, and the nodes representing the cartridge case were
set to 100 F. This simulates the chambering of an unspent cartridge.
During the period from 65 to 100 msec, the cartridge case is cooler
than the structure, and the heat flows into the cartridge.

Although the heat input profile used for this study is con-
sidered to be conservative, it should be examined further to deter-
mine the significance of the various assumptions made. This activity
would be an interesting area for further effort.

ANALYTICAL MDEIZS

The detailed geometry of the folded cartridge case is given in
figure 6. Since the heating during firing is uniform, based upon
the present model, the problem reduces to the determination of two-
dimensional temperature distributions. However, the results pre-
sented in reference 3 indicate that the depth of penetration of heat
was sumll; therefore, the heat flow was essentially one-dimensional.
Initrial studies during this investigation verify this result. The
majority of the results presented in the report will therefore be
baaed upon one-dimensional models. However. in the web regio_ near
the breech, the 6oouietry causes two-dimensional effects to occur.
Two-dimensionaJ results were obtained for this region.

Cne-Dimonsicnal Model

The one-dimensional model consists of a 0.04 in. cartridge
case thicKnese, and 0.50 in. of steel, which represents the weapon
structure. The prorerties of the case material, cartridge brass and
ateel (SAE 4340), were obtained from reference 3. The temperatures
wore determined b) iividing the model into a number of isothermal
nodes, and colvirg the following equation using a digital computer:

?'4 +. A) t, .

%'the cc+iýctvo cowpling between nodes

Tjtejszxtus.- --cf the ýN7ody at time -t* i-ot

f-vzrf.atot ere* cof nodes exposed to convective (sero for
alI bu~t eurfavj ncde) heat transfer

W. cn--t tl~ve hon tranfefr coefficient

Gas tM.Pbrt11.
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Appendix A pressntr a listing of the computer program. In this
analysis, both the heat transfer coefficient and the gas temperature
are functions of timep as described in the Heating Analysis section
of this report.

Two grid systems were initially used in the analysis. These
are presented in table 1. The first system contains 26 bodles, with
1i bodies in the cartridge case, while the second contains 31 bodies,
with 21 in the cartridge case. The use of more bodies in the car-
tridge case was initially felt to be necessary because of the rapid
temperature changes occurring in the region. However, examination
of the results from both grid systems did not yield any signilficat
differences (ref. 7). Since the 26 body model could be run at a
larger time step, and. therefore require less oomputer time, it was
used for mont of the analysis.

Table 1. (Yie-dimenaional model

lt Grid (26 bodies) 2nd Grid (31 bodies)

Node Number Thickness (in.) Node Number Thickness (in.)

1 .002 1;2 .001

(Onter- 2 to 10 .004 (inter- 3 to 20 .002
1i ..22 ace) 21 .004fe)12 .004, 22 .004

13 .0oc 23 .006
14 ,012 24 .012
15 .o025 .o_
16 to 25 .040 26,27,28 .05
26 . 054 29130,13i 1

Too-Dim6113101,14 Mod--Q

Althouagh modediniicml olding is edequate for moot of the
foldeod geometry therzA. enalysein ce:ctain reffio ne reqaV twc-
dimfenrjon~l Btudiem. The woh, or interypote ragioini • the br_•ach
end, will expor•.•ufo• tvo'd-*ionsiono.t heating. To araly1•e this zýi.gion,
an i otho.niiA3 model, showa in figire 7, has been devcloped. Thir
rndel consitss of 62 bodies, with 50 bodlUem in tha c riI.d4gi, ceo.
int-~l ...... ea--ly c ,A=v= = m •iet•.ng, o. )If bodl-s. with 25 badlem in

cark*ridgo ease, vae cao sridared, flowever, nodnlUiztian studJfe- showed
tht thie grid wan too l.arg-e. Boause of tne eayrwtry in U.t web,

only half of th4 wob wan . Ths rctrel4ar •r•Ei.w ia 0,23 in,.
by 0.56 in. aMvd oon.ttir, the ueb -.'ugir.L up to the bedie of the po
Jectile.

The compator Xrng- ljae uod to woal&yx the two-,deriiara
problem ei is jetially the saue as the one •eicrib•d in the (e•-.
Diaensieiozn Model easoion,, The. ikjur difference is that surfmtco sund
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interior nodes are identified, and surf!,ce ncx,-'As are allowed to ex-
perience convection. Appendix B contair- I-v Fortran listing of the
program.

RhiLTS

One-Dimensional

Using the one-dimensional model described previously, tem-
perature profiles have been determined for 29 cycles or rounds.

During any cycle, the surface of the cartridge exposed to the
hot gases experiences a rapid temperature rise, with the peak occur-
ring at approximately 2 msec. Figures 8 through 11 present the
surface temperature history for rounds 1, 10, 20, and 29. These
profiles are similar, with She peak temperature reaching a maximaum
value of approximately 1346 F. The sharp drop in temperature, occur-
ring at 65 msec, results from the extraction of the spent round and
the 0 insertion of an unspent cartridge with the cartridge case at
I1o F. The unspent cartridge is then heated by the warmer weapon
chamber. Figure 12 presents a composite of the profile for rounds
1, 10, 20, and 29. From this figure it can be seen that by the tenth
round, the surface temperature profile is stabilized. Figure 13
presents the peak surface temperature as a function of round number.
It would appear that by round 4, the peaknsurface temperature has
reached equilibrium at approximately 1345-F. hcwever, examination of
the detailed computer printouts shows that between rounds 19 and 29,
the peak surface temperature rose C.5°F. This rate, of course, is
decreasing with each round, but extrapolation would yield a conser-
vative estimate of the peak temperature after a one minute buret of
600 rounds. Using a rate of 1 F 0,r 20 rounds, the extrapolated
peak surface temperature is 1374 F.

During the ballistic portion of any firing cycle, there is
very little penetration of the thermal wave into the weapon chamber.
Reference 7 states that at the conclusion of the ballistic period
(approximattely 3.5 msec). the interface between the cartrldge case
and steel portion of the weapon experienced less than a 1-F rise.
Over the 100 mesec firing cycle, however, the thermal wave does pene-
trate into the steel etructure, Figures 14 through 17 present the
temperature distribution across the model at the end of the cycle for
rounds 1, 10, 20, and 29. After 20 rounds, the temperature rise in
the steel, at a depth of 0.25 in., i& still less than 20 F, Figure

18 presents a composite of figures 14 through 17. From this figure,
the propagation of the thermal wave can be seen. The peak temper.-
ture shown in figure 18 is not the highest steel temperature, but
rather the condition existing at the end of the cycle for a particu-
lar round. Figure 19 presents the peak interface temperature as a
function of round nuimber. This represents the maximum steel
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+efflerature. The peak temperature is still increasing at the rate of
0.3 F per round at round 29. Extrapolation of this rate out to 600
rounds is very dangerous. It would result in a peak steel tempera-
ture of approximately 7000F. This is an unrealistically high value.
In addition, the question of depth of pengtration must be considered.
Examination of figure 18 shows that a 100 F temperature rise over
the initial temperature has penetrated only 25% of the steel thick-
ness. During future studies, additional cycles would be run.

The results of the one-dimensional analysis show that the
penetration of the thermal wave is very slow, and therefore in those
regions where this analysis is valid, conditions for the folded
geometry are no worse than for conventional amunition. In addition,
since the severe heating during the ballistic phase is very- short,
this environment will heat the weapon wiiformly and result 3n one-
dimensional heat flow. A major factor affecting the struotural tem-
perature is the timing of the firing cycle. A shorter dwell time
would greatly reduce the peak temperatures.

The major effect of the folded geometry is evidenoed at the
small interpose region near the base of the projectile. In this
region the two-dimensional effect may be significant. The following
section presents the two-dimensional results obtained for this region.

Two-Dimensional

Temperature distributions have been obtained for the model,
and are described in the Two-Dimensional Model Section. The region
examined is the base of the interpose region near the projectile base.
Since the heating is uniform, only half of the web has to be con-
sidered. Figures 20 through 23 present the peak temperature occur-
ring in this region for 4 complete cycles. The peak surfane tempera-
ture in the corner is slightly higher than the peak temperature for
the one-dimensional analysis. However, %he temperature difference is
approximately 1%, well within the accuracy of the analytical model.
In figure 23, to the right of the model, the maximum temperatures
corresponding to the same approximate location in the steel are given.
For instance, the maximum interface temperature for round 4, node 24,
ir. the one-dimensional analysis, is 493 F._ The highest two-dimension-
al interface temperature at node 10 is 628"F. Node 10 is in the
corner. Howevgr, node 24, located 0641 in. from the corner, has a
maximum of 521 F, as compared to 493 F in the one-dimensional
interface temperature.

The results obtained from the two-dimensional calculations
indicate that the temperature will be higher near the base of the
interpose region. However, this level, at least after 4 rounds, is
not prohibitive. In evaluating the temperature profiles, it will be
Aecespary to assess the structural effect of small penetrations of
high temperatures into the steel. This would be a major part of
future efforts.
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The thermal responsae of the folded geometry cartridge has
been determined for one and two-&imensional models, and alaso for
single and multiple firings. The results show that the surface of
the cartridge case heLts very rapidly due to the propellant com-
bustion. The one-dimensional model has been run for 29 rounds, and
the two-dimensional model for 4 rounds.

The peak cartridge case temperature occurs at the ba* of
the interpose region, baseg upon two-dimensional calculations. At
round 4, this peak is1343_F. For the one-dimensional model, the
corresponding peak is 1351 F. The two-dimensional effeczt on peak
cartridge temperature is therefore very small. JExtrapolating thg
one-dimensional results to 600 rounds would yield a peak of 1370 F.
By applying the same difference of approximately 1.0% vfor the worst
two-dimengional results, the peak cartridge temperature would be less
then 1400 F after 600 rounds. This result would indicate that with
respect to peak cartridge temperature, the folded geometry cartridge
is no worse than conventional zounds.

With zespect to the weapon chamber, the interface temperature
at the base of the interpose region will be hotter, due to the fglded
geomjetuy.' A+n.. d -..C .A -- - -- the -Pak interface temgerature is 628-F
for the two-dimensional analysis, compared to 493 F for the one-
dimensional analysis. Extrapolation of these results, to conditions
after 600 rounds, is not possible at this time. However, it seems
reasonable to conclude that the base of the interpose region will
experience more severe temperatures than would exist with conventional
am*uniti on.

Future effort should concentrate on additional firings with
the two-dimensional model, an investigation of the heating cycle
during the period after the ballistic portion of the cycle, and
thermal stress calculations of the effect of thermal distortion and
ele'ated teiipetatures upon material strength.
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